INTRODUCTION
Thraustochytrids, belonging to the family Thraustochytriaceae, class Labyrinthulomycetes, and kingdom Chromista, are heterotrophic unicellular protists. They are ubiquitous and abundant in marine and estuarine waters 1, 2 and are thought to play an important role in the degradation and mineralization of organic matter in marine ecosystems 3, 4 . In addition to their ecological importance, thraustochytrids have the ability to synthesize polyunsaturated fatty acids PUFAs such as docosahexaenoic acid DHA, C22:6n-3 under culture conditions. Because PUFAs, particularly DHA, play a central role in the normal functional development of the retina and brain 5, 6 , tochytrids have been proposed 8 . One is an elongation/desaturation pathway in which PUFAs are produced by a series of elongations and desaturations of C18 and C20 fatty acids. DHA is synthesized via the elongation of eicosapentaenoic acid EPA, C20:5n-3 to docosapentaenoic acid C22:5n-3 by Δ5-elongase and further desaturated by Δ4-desaturase. In marine microorganisms, Δ5-elongase and Δ4-desaturase are typically found in microalgae such as Isochrysis, Pavlova, and Thalassiosira 9 12 . To date, a Δ5-elongase-like enzyme has been cloned from Thraustochytrium aureum ATCC 34304 13 , and Δ4-desaturase has been isolated from T. aureum ATCC 34304 13 and thraustochytrids Thraustochytrium sp. ATCC 21685 14 . Neither Δ4-desaturase nor Δ5-elongase has been isolated from other thraustochytrid genera, such as Aurantiochytrium or Schizochytrium sensu stricto.
The other PUFA synthetic pathway appears to require no elongation/desaturation steps. This distinct pathway is catalyzed by PUFA synthase, homologous to polyketide synthase PKS , which consists of multi-subunit enzymes such as acyl carrier protein, 3-ketoacyl synthase, and malonyl-coenzyme A. The involvement of PKS in PUFA synthesis has been observed in the marine bacteria Shewanella and Moritella 15 . The PKS-like pathway in thraustochytrids was discovered by Metz et al. 15 , who revealed that the thraustochytrid Schizochytrium sp. ATCC 20888, located at the phylogenetic group of Aurantiochytrium spp. in the multi-locus gene tree 16 , synthesized DHA via a PKS pathway.
In this study, we attempted to reveal the distribution of enzymes involved in DHA synthesis among thraustochytrids. Genes encoding Δ5-elongase and Δ4-desaturase in the fatty acid elongation/desaturation pathway were detected using PCR. The differences in the biosynthetic pathways of PUFAs in thraustochytrids were examined in relation to their fatty acid profi les.
EXPERIMENTAL PROCEDURES

Microorganisms
Nine thraustochytrid strains representing 3 genera Aurantiochytrium, Schizochytrium, and Thraustochytrium were used in this study. 2.2 PCR-based detection of Δ5-elongase and Δ4-desaturase The genomic DNA of the thraustochytrid strains was extracted from each strain using an Isoplant kit Nippon Gene Co., Ltd., Toyama, Japan according to the manufacturer s protocol. Briefl y, a loopful of colonies was suspended in extraction buffer and lysed by adding lysis buffer. After incubation of the colonies at 50 , sodium acetate buffer pH 5.2 was added, and the mixture was allowed to stand on ice for 15 min. After centrifugation of the mixture at 10.000 g for 5 min, the aqueous layer was subjected to ethanol precipitation. The precipitate was resuspended in TE 10 mM Tris-HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid .
To amplify the Δ5-elongase gene, the forward and reverse degenerate primers D5eloF and D5eloR, respectively; Table 1 were designed based on the conserved amino acid sequences of the Δ5-elongase found in Pavlova salina Haptophyta, GenBank accession AAY15135 , Pavlova sp. GenBank accession AAV33630 , T. pseudonana Bacillariophyta, GenBank accession AAV67800 , Trypanosoma cruzi Euglenozoa, GenBank accession EAN97110, putative , and T. brucei GenBank accession AAX70768, putative . A fragment of Δ4-desaturase was amplifi ed using a pair of primers D4desF and D4desR; see Table 1 with designs based on conserved amino acid sequences of the Δ4-desaturase found in T. aureum GenBank accession AAN75709 , Thraustochytrium sp. GenBank accession AAM09688; AAZ43257 , 
Thalassiosira pseudonana GenBank accession AAX14506 , and Euglena gracilis Euglenozoa, GenBank accession AAQ19605 . PCR was performed in 50 μL vol using Advantage 2 polymerase Clontech, Mountain View, CA, USA containing 50 μM of each degenerated primer, 0.2 mM of deoxynucleotide triphosphates, and 100 ng of genomic DNA. The PCR protocol consisted of 1 min of denaturation at 94 followed by 30 cycles of denaturation at 94 for 0.5 min, annealing at 55
for primers D5eloF/D5eloR or 58 for primers D4desF/D4desR for 1.0 min, and extension at 72 for 0.5 min for primers D5eloF/D5eloR or 1.0 min for primers D4desF/D4desR . The fi nal extension step was performed for 7 min at 72 . PCR products of the expected length were visualized using agarose gel electrophoresis, and the products were purifi ed after the excision of a band using Wizard SV gel and a PCR clean-up system Promega Corp., Madison, WI, USA . The purifi ed PCR product was cloned into a pGEM-T Easy Vector Promega Corp. using the TA cloning strategy and transformed into Escherichia coli JM109 cells. Plasmid DNA from E. coli was then purifi ed with a QIAprep Spin Miniprep Kit Qiagen, Valencia, CA, USA . Nucleotide sequences were determined from both strands using a Big Dye Terminator v3.1 Cycle Sequencing Kit Applied Biosystems, Foster City, CA, USA and an ABI 3730xl sequencer Applied Biosystems, Foster City, CA, USA . Analyzed sequences were compared to the GenBank database using BlastX analysis http://blast.ddbj.nig.ac.jp/ top-j.html .
Fatty acid analysis
Thraustochytrid cells were cultured in a 500-mL shake fl ask containing 100 mL of medium with 3 glucose, 1 yeast extract, 50 ASW, and 0.1 vitamin mixture 200 mg vitamin B 1 , 1 mg vitamin B 2 , and 1 mg vitamin B 12 per 100 mL distilled water . The cells were harvested after 5 days of incubation using centrifugation at 3000 g for 10 min and freeze-dried. Total lipids of the cells were extracted using the Folch method 20 . The fatty acid compositions of the lipids were determined using a gas chromatograph GC-2014, Shimadzu, Tokyo, Japan equipped with a capillary column 0.25 mm 30 m, HR-Thermon-3000B, Shinwa Chemical Industries, Ltd., Kyoto, Japan after methanolysis with 10 w/v HCl-methanol solution.
RESULTS
Δ5-Elongase and Δ4-desaturase in thraustochytrids
A fragment of Δ5-elongase was amplifi ed with PCR using degenerate primers designed to have a sequence containing a conserved histidine box motif HXXHH . The 230-bp partial sequences of Δ5-elongase were obtained from the genus Thraustochytrium T. aureum ATCC 34304, T. roseum ATCC 28210, and T. striatum ATCC 24473 and the genus Schizochytrium S. aggregatum ATCC 28209, Schizochytrium sp. SEK210, and Schizochytrium sp. SEK345; Fig. 1 . These Δ5-elongase fragments included the histidine box motif QXXHH instead of HXXHH see Fig.  1 and had 43-45 identities with the known Δ5-elongase Fig. 1 Comparison of the amino acid sequences of the partial Δ5-elongase from Thraustochytrium aureum, T. roseum, T. striatum, Schizochytrium aggregatum, Schizochytrium sp. SEK210, and Schizochytrium sp. SEK345 with the known Δ5-elongase from Thalassiosira pseudonana (GenBank accession AAV67800). The alignment was generated by the CLUSTAL X program. The conserved histidine box motif is boxed. The two arrows indicate the locations at which the degenerated primers were designed. The asterisks indicate identical amino acids.
from T. pseudonana GenBank accession AAV67800; Table  2 . Δ5-Elongase was not detected in any strains belonging to the genus Aurantiochytrium. Degenerated primers for Δ4-desaturase amplification targeted two conserved histidine box motifs HXXXHH . The 700-bp partial sequences of Δ4-desaturase were obtained from the genus Thraustochytrium T. aureum ATCC 34304, T. roseum ATCC 28210, and T. striatum ATCC 24473 and the genus Schizochytrium S. aggregatum ATCC 28209, Schizochytrium sp. SEK210, and Schizochytrium sp. SEK345; Fig. 2 roseum, T. striatum, Schizochytrium aggregatum, Schizochytrium sp. SEK210, and Schizochytrium sp. SEK345 with the known Δ4-desaturase from T. aureum (GenBank accession AAN75709). The alignment was generated by the CLUSTAL X program. The conserved histidine box motifs are boxed. The two arrows indicate the locations at which the degenerated primers were designed. The asterisks indicate identical amino acids.
motifs XHH and HXX, respectively; see Fig. 2 . The partial sequences from T. aureum ATCC 34304 and T. roseum ATCC 28210 were 99 and 97 identical, respectively, to that of Δ4-desaturase from T. aureum ATCC 34304 GenBank accession AAN75709 , and those from Schizochytrium were 79-80 identical to that of Δ4-desaturase from T. aureum ATCC 34304 GenBank accession AAN75709; see Table 2 . The sequence from T. striatum 24473 was 78 identical to that of Δ4-desaturase from Thraustochytrium sp. ATCC 21685 accession no. AAM09688 . Δ4-Desaturase was not detected in any strains belonging to the genus Aurantiochytrium.
Fatty acid composition of thraustochytrids
The fatty acid compositions of the nine thraustochytrid strains are shown in Table 3 . Palmitic acid C16:0 , which accounted for 23.9-41.8 of the total fatty acids, was the major fatty acid in all strains. Stearic acid C18:0 and oleic acid C18:1n-9 contents in Aurantiochytrium were relatively low 0.3-1.6 compared with those in the genera Thraustochytrium and Schizochytrium 5.2-25.9 and 1.6-29.3 , respectively . Linoleic acid C18:2n-6 accounted for 1.1-9.8 of the total fatty acids in the genera Thraustochytrium and Schizochytrium, but it was present in trace amounts in Aurantiochytrium. The genus Aurantiochytrium contained only 0.8-1.4 arachidonic acid ARA, C20:4n-6 and 0.3-1.5 EPA, whereas the genera Thraustochytrium and Schizochytrium contained more ARA 2.1-3.9 and 4.5-11.1 , respectively and EPA 1.1-3.1 and 1.5-2.3 , respectively . DHA content was 
DISCUSSION
In marine unicellular eukaryotes, the biosynthetic pathway of PUFAs generally begins with the desaturation of monounsaturated oleic acid C18:1n-9 to linoleic acid C18:2n-6 by Δ12-desaturase. Linoleic acid is subsequently desaturated to α-linolenic acid C18:3n-3 by ω3-desaturase. Linoleic acid and α-linolenic acid are then converted to arachidonic acid and EPA, respectively, by the action of Δ6-desaturase, Δ6-elongase, and Δ5-desaturase. Δ5-Elongase in conjugation with Δ4-desaturase catalyzes the fi nal conversion of ARA and EPA into docosapentaenoic acid ω6-DPA, C22:5n-6 and DHA, respectively 10 . In this study, PCR-based detection of genes encoding Δ5-elongase and Δ4-desaturase revealed that the genera Thraustochytrium and Schizochytrium had both genes. These amino acid sequences were 43-45 and 78-99 identical to that of the known Δ5-elongase from a marine diatom and to that of Δ4-desaturase from thraustochytrids, respectively. This report is the fi rst on the detection of Δ5-elongase and Δ4-desaturase genes in Schizochytrium. The results of fatty acid analysis of Thraustochytrium and Schizochytrium showed that both groups had C18 and C20 precursor unsaturated fatty acids such as oleic acid, linoleic acid, ARA, and EPA for DHA synthesis in the elongation/desaturation pathway. The results from both genetic and fatty acid analyses strongly indicate that Thraustochytrium and Schizochytrium spp. could synthesize DHA via the elongation/ desaturation pathway, as is commonly found in marine microalgae. Conversely, neither Δ5-elongase nor Δ4-desaturase was detected in strains belonging to the genus Aurantiochytrium. In Aurantiochytrium, the contents of C18 and C20 precursor unsaturated fatty acids for DHA synthesis in the elongation/desaturation pathway were much lower than those in the genera Thraustochytrium and Schizochytrium. Hence, this group likely synthesizes DHA not via the elongation/desaturation pathway but via an alternate pathway such as the PKS pathway. These fi ndings support the results of Metz et al. 15 , who have shown that sequencing of 8500 expressed sequence tags from Schizochytrium Aurantiochytrium sp. ATCC 20888 failed to reveal the expected number and types of elongase and desaturase, whereas PKS-homologous sequences were well represented. In contrast, a recent study using radiolabeled precursor fatty acids revealed that this strain had several elongase and desaturase activities associated with the elongation/ desaturation pathway, but the pathway was incomplete for the synthesis of PUFAs from C16 or C18 fatty acids 21 . Although it is unclear why Δ5-elongase or Δ4-desaturase was not amplified from the genus Aurantiochytrium in this study, it could be due to a mismatch of the degenerated primers used or low sequence homology of these genes in Aurantiochytrium.
To date, the PKS pathway for DHA synthesis in thraustochytrids has been reported only in Aurantiochytrium species. The DHA content in these species commonly reaches 50 of their total fatty acids 17, 22 . In this study, similarly higher DHA contents were also observed in T. aureum and T. roseum, in which they were much higher than those in all of the other strains T. striatum and Schizochytrium spp. that had an elongation/desaturation pathway. We therefore concluded that the higher DHA contents in T. aureum and T. roseum were probably derived from the PKS pathway in addition to the elongation/desaturation pathway. Further investigation is needed to determine the exact biosynthetic pathways of PUFAs in thraustochytrids.
In conclusion, the present study attempted to reveal the biosynthesis pathway of PUFAs in the thraustochytrid marine eukaryotes using PCR-based detection of fatty acid elongase and desaturase genes in combination with fatty acid analysis of thraustochytrid cells, demonstrating that the fatty acid profi les are consistent with the presence of genes involved in PUFA biosynthesis in thraustochytrid genera. Our finding that two biosynthetic pathways for PUFAs are likely to exist in thraustochytrids supports speculation by Qiu et al. 8 . Further studies will be performed to confirm the functional characterization of the elongases and desaturases involved in the biosynthesis of PUFAs in thraustochytrids. Such studies may provide a biotechnological application that can enhance PUFA biosynthesis in transgenic organisms.
